Sequential statistical methods were used to maximise carotenoid production by a strain of Rhodotorula mucilaginosa, isolated from the Brazilian ecosystem. Initially, a factorial 2 5-1 experimental design was used, and the variables were pH and the levels of glucose, yeast extract, 
INTRODUCTION
Carotenoids have special properties that make them important to food quality and human health. As natural pigments, they impart the pleasing yellow, orange and red colours of many foods. Some of these compounds are precursors of vitamin A, the deficiency of which persists as a serious public health problem in developing countries. Both provitamin A and vitamin A-inactive carotenoids can reduce the risk of the development of degenerative diseases such as cancer, cardiovascular diseases, cataract and macular degeneration (1, 9, 12, 15, 22) . The red carotenoid astaxanthin (3,3'-dihydroxy-, -carotene-4,4'-dione) is used as feed pigment in the aquaculture industry, particularly for salmon and trout. Because of their many applications, carotenoids sources continue to be sought. Carotenoids can reach the consumers as natural constituents of foods, as additives that serve as colourants of food or as food supplements. torulene (3',4'-didehydro-, -carotene), β-carotene ( , -carotene) and torularhodin (3',4'-didehydro-, -caroten-16'-oic acid) (3, 6, 16, 21) . Torulene is an interesting carotenoid for commercialisation. Because of its 13 conjugated double bonds, it has a nice reddish colour, in contrast to -carotene (11 conjugated double bonds), which has a yellow to orange colour that depends on the concentration. Structurally, torulene fulfills the minimum requirement for a provitamin A carotenoid: an unsubstituted β-ring with an 11-carbon polyene chain. This carotenoid should be an efficient antioxidant because the antioxidant property of carotenoids is associated with the conjugated double bond system and the efficiency is higher with a greater number of double bonds. Torularhodin, the carboxylated derivative of torulene, was found in in vitro studies to be more potent than -carotene in quenching singlet oxygen and scavenging peroxyl radicals (18, 19) .
Carotenogenesis depends on the strains, which produce variable quantities of different carotenoids, and on the culture conditions, which affect yeast growth and metabolite production. The relative concentrations of individual pigments can be altered by modifying fermentation conditions, such as the pH, carbon and nitrogen sources, temperature and presence and levels of salts and light. However, the biotechnological production of carotenoids is limited by high cost, but this problem can be reduced by optimising the process conditions. Production of biomass should also be considered because it can be used in animal feed as a protein source (4, 7, 8, 14) .
In the present work, we optimised the culture conditions for the production of carotenoids by wild Rhodotorula mucilaginosa, which was isolated in Brazil. For this purpose, a statistical experimental design was employed rather than the one-factor-at-a-time approach. Therefore, the effects of various factors, including the interaction of factors, could be simultaneously investigated. R. mucilaginosa was chosen because it was previously shown (10) to produce torulene as the principal carotenoid.
MATERIALS AND METHODS

Microorganism and culture conditions
Wild yeast Rhodotorula mucilaginosa-137, which was isolated from the soil of Campinas, São Paulo, Brazil, and previously identified (11) , was used throughout this study. Because of the many variables investigated in this paper, the effects of light and temperature will be reported in a separate paper. Cell growth was monitored periodically by measuring the absorbance at 600 nm of samples withdrawn aseptically from the flasks, using a Beckman model DU-640 UV/visible spectrophotometer. The cells were harvested by centrifugation at 10,000 x g for 10 min at 5 °C, washed twice with distilled water and centrifuged again. The dry mass was gravimetrically determined after drying the centrifuged and washed cells at 105 °C to a constant weight.
Analytical procedures
The glucose concentration was measured in the supernatant according to the dinitrosalicylic acid (DNS) method (13) . The amount of cell protein was determined by the Kjeldahl method using the general factor of 6.25.
The carotenoid content was determined according to Carotenoid production by R. mucilaginosa sugar consumed (Y P/S ) was also calculated. It was defined as
, where S i and P i were the substrate and total carotenoid concentration (µg l -1 ) at the beginning of fermentation, respectively, and S f and P f were the substrate and total carotenoid concentration (µg l -1 ) at the end of fermentation, respectively.
Experimental design
The experimental data were submitted to analysis of variance (ANOVA) using the Statistica for Windows software (20) . A 2 5-1 factorial design (2) Table 2 . The experimental data were analyzed by the response surface regression procedure using the software Statistica for Windows software version 7.0 (20) .
RESULTS AND DISCUSSION
Significant culture factors
The factorial design 2 5-1 determined the independent factors that had a greater influence on carotenoid and biomass production. The results obtained after 5 days of incubation are presented in Table 1 ; the reproducibility of replicate flasks was very good (R 2 = 0.99). The biomass varied from 1.1 to 11 g l -1 .
The greatest biomass production occurred in assay 16, which The experimental results were used to estimate the main effects of variables and their interactions (data not shown).
Only yeast extract had a positive effect on carotenoid
production. An increase in yeast extract concentration stimulated both cell growth and carotenoid formation. The addition of KH 2 PO 4 promoted a significant negative effect on the parameters evaluated, whereas magnesium sulphate had a positive effect on biomass formation but a negative effect on carotenoid production in µg g -1 . Because a carbon source is essential for microbial growth, glucose had a positive effect on yeast growth but no significant effect on carotenoid production.
The initial pH did not significantly influence biomass production nor carotenoid formation. The interactions between variables were not significant in terms of biomass and carotenoid production in µg l -1 , except for the interaction between glucose and yeast extract. 
Optimum medium composition
Based on the results of the initial factorial design, the composition of the medium was optimised by examining the variable (yeast extract) that positively influenced carotenoid production and glucose, which would be essential for growth.
The experimental results for the two-factor-three-level response surface analysis are shown in Table 2 The full quadratic models of these results were tested for adequacy by ANOVA (Table 3) . The model for biomass has satisfactory values of R 2 = 0.987 and is significant at the 5 % level. The F value of 76.17 for biomass is greater than F 5,5
(5.05) within a rejection region with an α-level that is p < 0.05; thus, this model can be used to predict the results in the studied region. Carotenoid production by R. mucilaginosa analysis of the experimental data in Table 3 The regression models were employed to develop the response surface plots shown in Figure 1 . 
